Crown ether-modified clays were obtained by the combination of sodium and potassium clays with crown ethers and cryptands. Polystyrene nanocomposites were prepared by bulk polymerization in the presence of these clays. The structures of nanocomposites were characterized by X-ray diffraction and transmission electron microscopy. Their thermal stability and flame retardancy were measured by thermogravimetric analysis and cone calorimetry, respectively. Nanocomposites can be formed only from the potassium clays; apparently the sodium clays are not sufficiently organophilic to enable nanocomposite formation. The onset temperature of the degradation is higher for the nanocomposites compared to virgin polystyrene. and the peak heat release rate is decreased by 25% to 30%.
INTRODUCTION

P
olymer-clay nanocomposites have been extensively studied because of their enhanced mechanical properties (1) (2) (3) . thermal stability and fire retardancy (4. 5). gas barrier properties (6) , ionic conductivity (7) , etc .. relative to the neat polymers. It is essential that there is compatibility between the polymer and the clay to obtain well-dispersed materials. Since the natural clay is highly hydrophilic, it is important to improve its organophilicity so that it will be compatible with organic polymers.
There are two methods to modify the sodium clay: exchange the sodium cations within the gallery space with quaternary organic cations, like ammonium or phosphonium salts (B. 9); or directly modify the clay layers, using organic coupling agents, such as silane coupling agents (10) .
Another possible modification is to render the alkali metal cation organophilic by complexation with a crown ether. Crown ether-modified clay was first reported in 197B by Ruiz-Hitzky and Casal, who reported on the stability. ion-exchange properties and other behavior of the nanocomposite materials (11) . The ionic conductivity of crown ether-phyllosilicates is several orders of magnitude higher than that of the parent silicate (12). More recently. Gilman reported that crown ether-modified clays can be well dispersed in polyamide-6 (PA-6) and form nanocomposites (13) .
In this paper, we report the preparation of a number of crown ether-modified clays and their polystyrene (PS) nanocomposites, prepared by an in-situ bulk polymerization. These materials have been characterized by X-ray diffraction (XRD) transmission electron microscopy (TEM) thermogravimetric analysis trGA) and cone calOrimetry.
EXPERIMENTAL t
Materials. The sodium clay was provided by Southern Clay Products. Inc. ; most of the other chemicals were obtained from the Aldrich Chemical Co. and used as obtained, including IB-Crown-6. Benzo-lBcrown-6 . Dibenzo-lB-crown-6, cis-Dicyclohexano-lB- ' Synthesis oj potassium clay. About 10 g of sodium clay was suspended in 1000 mL of distilled water by stirring overnight, and then a solution of 11.2 g of KCl in 300 mL of water was added to the suspension, and the mixture was stirred for 3 days. About 500 mL of ethanol was added, and the mixture was allowed to stand for 1 day. The mixture was filtered, and the clay was collected, dried and ground to a powder.
Syntheses oj crown ether-modified clays. The inorganic clay (Na+, K+) was dispersed in distilled water (-1/100, by weight) by stirring overnight in a beaker; then a 1-3 % by volume solution of crown ether in acetone (-150 mmol/l 00 g, crown ether/clay) was added slowly to the suspension. The mixture was stirred for 2 h at room temperature, 2 h at about 45°C, and finally overnight at room temperature. The mixture was filtered and the clay was collected and dried in a vacuum oven. Infrared spectroscopy showed the presence of the crown ether; typically the C-H stretching vibration is sufficient to show the presence of the crown ether, but other infrared bands, such as C-O, etc., can also be observed. The clay was ground to a powder and characterized by XRD.
Alternate synthesis oj potassium-complexed clay.
The sodium clay was dispersed in distilled water (-1/100 , wt/wt) by stirring overnight in a beaker, then an 1-3% solution of potaSSium iodide-crown ether complex in water (the complex was prepared by mixing KI with crown ether in water) was added dropwise to the suspension. A clay quickly precipitated; XRD results show a d -spacing typical for a potassium and not a sodium clay. The potassium ion -crown complex replaces the sodium ion in the clay and leaves sodium iodide in solution. Stirring of the mixture was continued for an additional 24 h at room temperature, and then the mixture was filtered and the clay was collected and dried in a vacuum oven.
Preparation oj the polystyrene nanocomposites.
About 1 wt% of crown ether-modified clay was dispersed in styrene (1/100, by weight, crown ether/styrene) by stirring overnight. AlBN (1/100, wt/wt, AlBN/ styrene) was added to the mixture, and the temperature was maintained at -BO°C for a few hours while stirring, and at -120°C overnight to complete the polymerization. The product was dried in a vacuum oven at -100°C for 24 h. This synthetic scheme is quite similar to that which has been previously reported for PS-clay nanocomposites prepared from organically modified clays (5) . Samples for cone calorimetry contained 3 wt% clay.
RESULTS AND DISCUSSION
Crown ethers and cryptands have high binding capacities for inorganic cations, such as Na +, K+, etc. These complexes have high organophUicity and can be dissolved in organic solvents . This organophilicity suggests another possible procedure for the formation of nanocomposites, using the crown ether-modified clays. The crown ethers and cryptand used in this study are shown in Fig. 1 .
Different crown ethers have different binding capacity with the same cation, oWing to the size of the cavity. The complexation constant reflects the binding ability between the cation and the crown ether. The larger the constant, the greater the selectivity for that cation. Some of the complexation constants are shown in the Table 1 (15) . Since the size of potassium ion is more suitable for the cavity of 18-crown-6, the sodium clay has been converted to potasSium clay.
Two techniques are required to prove the formation of a nanocomposite, XRD, in which an increase in the d-spacing indicates an expansion of the gallery space, and TEM, which prOvides an actual view of the orientation of the polymer and clay. Nanocomposites may be described as either intercalated, in which the registry between the layers is maintained, but the dspacing has increased when compared to the virgin clay, or exfoliated, in which this registry is lost and the peak' in the XRD is absent. The absence of an XRD peak can be caused by disorder in the clay, thus the loss of registry, or a very large d-spacing, which cannot be measured by normal wide-angle XRD. If the clay has maintained its order in the final nanocomposite, then it should be observable by small angle XRD (28 less than 1°). There of the clay, owing to decomposition of the ammonium . salt during the preparation, yet the TEM shows the presence of an intercalated material (16) . It is essential to have both XRD and TEM data in order to characterize a nanocomposite.
XRD measurement. The XRD data are shown in Table 2 . It can be seen that the d -spacing of crown ether-modified potassium clays increases to 1.8-1.9 nm from 1 .2 nm, and those of sodium clays to 1.5 -1. 7 nm from 1.1 nm. This clearly indicates that the crown ether or cryptand does complex with both potassium or sodium ion and effect an expansion of the d -spacing.
All of the sodium clay-PS materials show no significant change in the d-spacing, except for that of [2 .2 .2)cryptand, which shows partial intercalation-a small peak a t 4 .7 nm in Fig. 2 . For the potassium salts, both benzo-18-crown-6 and dibenzo-18-crown-6 show a large peak at the same position as in the clay and a smaller peak at larger d-spacing; this must indicate that some partial intercalation has occurred. In the case of cis-dicyclohexano-18-crown-6, the peak due to the clay has entirely vanished and is replaced by a peak at 7.7 nm, probably indicative of complete intercalation. The XRD curve is shown in Fig. 3 .
The intercalation of PS into the clay may be explained by the complexation constant between the crown ether and the cation. The larger is the complexation constant, the stronger will be the complex with the metal ion and the more organophilic the clay gallery space will become. The constants for sodium are smaller than those of potassium, and there is no expansion of the d-spacing for the sodium clays. The lack of nanocomposite formation for sodium clays may be attributed either to the poor complexation, leading to a still somewhat hydrophilic clay, or to the smaller d -spacing for the sodium clay, preventing access of the polymer to the gallery space. or both factors may be important. The dicylcohexano crown has the highest complexation constant of the crown ethers. and this appears to be completely intercalated. There does appear to be a relationship between the constant and the state of the clay-polymer mixture. The [2.2.2) cryptand-modified clay also forms a partially intercalated structure. probably because of the high complexation constant. It has been reported that the I8-crown-6 sodium clay dispersed well in PA-6 (13). This may be attributed to the more polar nature of PA-6 relative to PS .
1EM image. The dispersion of the clay is best observed by TEM and the images of the PS nanocomposites formed from cis-dicyclohexano-I8-crown-6 modified potassium clay and [2.2.2] cryptand modified sodium clay are shown in Fig. 4 and Fig. 5 . These images show a clearly intercalated structure for dicyclohexano-18-crown-6 potassium clay and a partially dispersed structure for the cryptand sodium clay. It should be noted that both materials do not have good overall microdispersion; there are regions in these systems where no clay exists. Where clay does exist, it is either intercalated (dicyc1ohexano-18-crown-6 potassium clay), or a mixture of intercalated and exfoliated nanostructures (cryptand-sodium clay).
1.0pm
Thermogravimetric analysis. The thermal stability of all of the materials has been characterized by TGA. The results are collected in Table 3 ; this table shows, the temperature at which 10% degradation occurs, T 0 .1' a measure of the onset of the degradation. the: temperature at which 50% degradation occurs, T o . 5 • a measure of the mid-point of the degradation. and the fraction which is not volatile at 600°C, char. Except for the dicyclohexano-substituted potassium clay, there is only a small increase in both TO.l and T o . try. The cone data are shown in Table 4 . The peak heat release rate, PHRR, is an important term used to describe the effectiveness of a particular formulation. The heat release rate curve for PS, the dibenzo material, and the dicyclohexano nanocomposite are shown in Fig. 7 . It is of interest to note that the dibenzo-clay, which according to XRD contains only a small amount of intercalated material, has a CUlVe similar to that of the dicyclohexano, a completely intercalated material. Apparently the amount of intercalation and/ or exfoliation in the nanocomposite has about the same effect on the heat release rate.
The nanocomposites invariably show a lowered peak heat release rate relative to the virgin polymer. In this instance, the reduction is in the range of 25% -30%. For comparison. the percentage reduction for PS-clay nanocomposites is about 50%, while in PMMA-clay nanocomposites the reduction was in the same range as obsexved for these crown ether complexes. The lower reductions obsexved for these PS nanocomposites compared to previous work may be due to the poorer nanodispersion with the crown ethers. The ignition occurs earlier than in the virgin polymer. an effect that has been previously obsexved with PS-clay nanocomposites (5, 8), but not in PMMAclay system, in which the ignition takes place later than in the virgin polymer (17) .
Fire retardancy in. polymer clay nanocomposites has been attributed to the barrier properties that result from a concentration of the clay at the surface of the degrading polymer (4) and by paramagnetic trapping of radicals produced in the degradation by iron impurities in the clay (18) . Both of these are possible explanations for the efficacy of these crown ether-containing nanocomposites.
CONCLUSION
Crown ethers have been used to modify both sodium and potassium clays, and the d-spacings of the clays in the presence of the crown ether increases by 0.5 to 1 nm. Complexation of the sodium clay by crown ethers does not permit the formation of nanocomposites, but they do form with the potassium clay, especially when complexed by dicyclohexan -18-crown-6. This has the highest complexation constant of all crowns that have been used in this study. and this complexation constant may be an important criterion controlling clay modification and nanocomposite formation. The thermal stability. as measured by thermogravimetric analysis, and the fire properties. as assessed by cone calOrimetry, show that these systems have enhanced properties, similar to what has been observed with organically modified clays.
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